This paper describes a mathematical model for the simulation of an AC/DC system using direct-phase quantities. This system consists of an AC/DC converter station connected to a synchronous generator at its terminals as well as to an infinite bus-bar through a short transmission line. The proposed model in directphase quantities enables the study of the effects of the generated harmonics of the DC transmission on AC systems in general and on the behavior of synchronous machines in particular.
INTRODUCTION

In the last two decades,a number of DC t r d ssion links have gone into commercial operation in var-
Those generated on the AC side are of the order n = s k l where a is the pulse number and k is an integer. These harmonics affect the AC system adversely and interfere with its It is noticed that most of the studies performed regarding these effects are conducted on simple systems, in which the AC system is represented by:
(a) ~n infinite source.6-8 (b) A simple series i m p e d a~c e ,~ which is equal to the short-circuit impedance of the AC system at the converter point. (c) A T-network, D'll which has the same impedance as the short-circuit impedance at fundamental frequency. In practice, however, large power systems include synchronous machines, loads, AC and DC transmission lines and AC/DC converters. In this case, a simple representation of the system will not be adequate. Moreover, it is of paramount importance to investigate fully the effect of the generated harmonics on the behavior of synchronous machines which are so close to the AC/DC converter bus-bar.
In such a case, a detailed representation of these machines is necessary. A representative example of such a system consists of an AC/DC converter station connected to a synchronous machine at its terminals as well as to an infinite bus-bar through a short transmission line, Fig. 1 .
In modelling this system, direct-phase quantities are used since the identity of the phase currents and voltages must be retained to define the details of the successive commutation processes of the converter. The digital computer program, which simulates this mode1,is demloppd in such a way to allow for the study of various system configurations. It can also be used as a subroutine in a computer programwhich simulates large power systems.
MATHEMATICAL REPRESENTATION OF "€IF, AC/DC CONVERTER STATION Bridge Circuit
In the operation of a 3-phase bridge-connected rectifier, Fig.2 , either two or three valves are conducting Therefore, twelve different modes of operation exist per cycle as shown in Fig. 3 . Each mode of the twelve can be represented mathematically by its own differential equations. However, it is possible to represent all modes by general equations, since these twelve modes can,in fact, be divided into two main cases. These general equations can be applied to all modes by simply defining the conducting valves in each mode.
The In matrix notation,the voltages at the converter bus-bar can be obtained from the following normalized aqua t ion : If a phase is non-conducting , the derivative of its current is zero.
In matrix notation, the derivative vector of the rectifier currents can be written in the form: Filters are used to reduce harmonic currents and voltages in the AC system.
They are R-L-C circuits, which are designed to provide a low impedance path for harmonic currents at harmonic frequencies.
In the system under investigation , a group of 5th, 7th and 11th order harmonic filters are connected at the converter AC terminal8 as shown in Fig. 5 . The normalized differential equations of these filters can be arranged in a matrix form as follows:
MATHEMATICAL REPRESENTATION OF SYNCHBONOUS MACHINES
In the analysis of an idealized synchronous machine,14'15Fig. 6, lt is assumed that the distribution of the windings and the shape of the air gap are such that the self and mutual inductances of the stator windings contain no Fourier expansion t e r n higher than cos28 , while the mutual inductances between the stator and rotor windings vary simply as cos8. Saturation, hysteresis and eddy current effects are ignored.
As a result , the characteristics of synchronous machines are expressed by a series of differential equations, most of whose coefficients are periodic functions of rotor position. Such non-linear equations are quite difficult to solve. For the case of balanced conditions, the d-q t r a n~f o n a a t i o n~~-~~w a s introduced to overcome this difficulty. The d-q-axis model yields differential equations with constant coefficients. These equations are linear provided that the speed is assumed to be constant.
Once the speed variation is taken into account, they become non-linear.
If the synchronous machine is connected to a rectifier load , it is more convenient to examine the machine behavior in direct-phase quantities. l7 This is because the identity of the phase currents must be retained in order to define the details of the successive commutation processes. Moreover, with this type of loading , the voltages at the machine terminals are not sinusoidal due to the flow of the harmonic currents. A d-q-axis model, in this case, does not offer any significant advantage over a direct 3-phase model, especially if the speed variation is considered. Assuming an idealized synchronous machine, l4 ' its performance may be described by the following equations in their normalized form. l2 In them , the convention adopted for the signs of voltages and currents are that v ie the Impressed voltage at the terminals and that the direction of positive current 1 corresponds to generation. The sign of the current in the equivalent damper windings is taken positive when it flows in a direction similar to that of a positive field current. These equations are arranged in such a way to allow the direct use of the machine parameters, which are usually available for the d-q-axis representation.
Flux Linkage Equations
The flux linkage equations in terms of the machine currents and inductances can be written as follows : 
RESULTS OF TWE COMPUTER PROGRAM
The computer program has been applied to different configurations of the system. Only its application to two of them is discussed in this paper. In all the curves presented , the first part represents the transient solution directly after the connection of the converter station, while the second part gives the steady-state solution. It can be noted that , at steadystate , the rectifier currents are not rectangular due to the effect of the commutating reactance. Also, the upper parts of the current waveforms are not leveled but contain dips. l2
When this rectifier current is analysed,it is found that it contains fundamental current and harmonic frequency components of the order 6kfl; where k is an integer. As shown in Fig.dd ,the 3-phase armature currents of the synchronous machine are not sinusoidal. They contain harmonic current components, the most prominent of which are of the order 6kfl (k is an integer). These harmonic currents are flowing from the rectifier to the machine. The rotor currents shown in Fig. 8e and 8f conof AC harmonic comDonents suuerimDosed on a DC component which changes'with time: This DC component starts with the initial steady-state value of the rotor current before the connection of the rectifier, rises after its connection and then starts to decay after a certain time until it reaches finally its original steady-state value.For the field winding, the sustained component is equal to the DC field current before the connection of the rectifier plus harmonic currents, most of which are of the order 6k. For the damper winding,the sustained component is harmonic currents, most of which are of the order 6k.
The existence of the harmonic currents of the order 6k in the rotor windings is due to the presence of the harmonic current components of the order 6kkl in the stator winding. The stator harmonics of the order 6k+l create an MMF with the same sence of rotation as that of the rotor , Fig. 9a . Therefore, the relative velocity of such an MMF with respect to the rotor is 6k times that of the rotor.0n the other hand, the harmonic components of the stator phase currents of the order 6k-1 create an MKF which has also a relative velocity with respect to the rotor of the same value as those of the 6k+l harmonics but of opposite direction as shown in Fig. 9b . These two " F s rotatin in opposite directions result in an elliptical field, f as shown in Fig. 9c , and they induce harmonic currents 8g shows the elecrtical torque and the applied mechanical torque of the synchronous machine. It is assumed that the machine is supplied by a constant power input. However, the change in the mechanical torque due to the change of the speed is unnoticable. This is because the change of the speed is very small. Without the presence of the rectifier in the circuit, the electrical torque of the synchronous machine under steady-state conditions is constant and equal to the mechanical torque. When the rectifier is connected, there are harmonic currents flowing in the stator and the rotor windings as explained before. As a result, these high frequency components give rise to pulsating electric torque and thus to vibration.
(b) Fig. 9 Case 2. A System Consisting of a Rectifier and a Group of Filters Connected to a Synchronous Machine which is Connected to an Infinite Bus-Bar through a short Transmission Line (Fig. 10) .
Jnfinite
Fig. 10
In this case , it is also assumed that the synchronous machine is operating at steady-state for a certain loading condition (the same loading condition as in the previous case). At zero time, the rectifier and the group of filters are suddenly connected to the bus-bar at which the machine is connected.
The shape of the 3-phase rectifier currents does not differ considerably from those of the previous case.
However, it has been found that the angle of commutation in this case is less than that of case 1. The presence of the filters in the system results in moving the commutation point2'3(at which the comutating EMF is sinusoida1)towards the converter AC bus-bar and thus reducing the comutating reactance. Despite the presence of the filters in the present case, it is, however, noted that the waveforms of the various electrical quantities are not perfectly sinusoidal as it should be expected. This is due to the fact that these filters are only of the 5th, 7th and 11th order and their impedances at their resonant frequencies still have a definite value. Thus, the corresponding harmonic currents will not be completely 
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40. short-circuited by these filters. Therefore, some of these harmonic currents will still flow to the AC system.
CONCLUSIONS
This paper presents a mathematical model of an ACfDC system in a general form. This system consists of a synchronous machine supplying power to an AC/DC converter which is connected to an infinite bus-bar through a short transmission 1ine.Also a group of 5th, 7th and llth order harmonic filtersis used to study their effects on the reduction of the harmonics.
All the components of this AC/DC system are dynamically represented by a group of equations in the state space form. Direct-phase quantities are used throughout the representation so that the identity of the phase currents is retained to define the details of the successive commutation processes. Such a representation takes into consideration the dynamics of the alternating voltages, all the current harmonics and the synchronous machine dynamic performance.
Numerical solution using a digital computer has also been described. The developed program generates the waveforms of all the variables of the system directly after the sudden connection of the converter station to the AC system. As it is expected, the derived waveforms start with a transient period and it has been found that they reach the electrical steadystate condition after about 5 cycles.
From the studies carried out on the mode1,several conclusions can be drawn. These are:
The addition of filters to the AC/DC system and the presence of synchronous machines near the converter bus-bar reduces the commutation angle. This is because their presence moves the commutation at which the commutating EMF is assumed sinusoidal, towards the bus-bar at which they are connected. The harmonic currents flowing in the AC system due to the ACfDC converter distort the waveforms of the different variables of the AC side. However, the presence of the 5th, 7th and 11th order harmonic filters reduces this distortion. Also, the presence of synchronous machines near ACfDC converters introduces a filtering action to these harmonics. Harmonic currents affect the operation of synchronous machines. The flow of these harmonic components of the order 6k?l(k is an integer) in the stator windings creates harmonic components of the order 6k in the rotor circuits. The flow of these currents in the stator and the rotor windings increases the losses and the temperature rise of both windings and produces pulsating electrical torques. The addition of filters to the converter AC terminals reduces the harmonic contents in the currents of the stator and the rotor windings.Therefore,the machine performance is improved and the pulsating electrical torques are reduced. Even with the presence of the filters in the system, some harmonic currents are still flowing in the AC system and the synchronous machine windings. This is because these filters are of the 5th, 7th and llth order only and their impedances still have definite values at their resonant frequencies. Thus the corresponding harmonic current will not be completely short-circuited by these filters. Careful consideration should be taken in the design of synchronous machines operating near ACfDC converter stations so that they can withstand the extra beatings due ta the flou of the harmonics in their windings. This is true even if filters are installed in the station.
APPENDIX 1
PER-UNIT SYSTEM OF TtIE ACfDC SYSTEM
Base Values
It is a c m o n practice to choose the rated current and the rated phase voltage(rms values) of the AC system to be the AC current and voltage base values for the steady-state operation respectively. In such a case, ACfDC converters can be treated as voltage and frequency transformers and the base values of the DC side variables can be defined according to their relation with the AC side variables.
As the problem presented in this paper is of a transient nature and the solution is obtained in instantaneous values, it is rather preferred to use the maximum values of the current and phase voltage than their root mean square values as base values of the side. For the DC side , the converter valves can be looked at as switches. This means that the instantaneous AC line voltage will appear at the bridge DC terminals as instantaneous DC voltage. Also the instantaneous DC current will be the same as the instantaneous AC current. For this reason, the base values of the DC side can be chosen as the base values of t AC side. If I and V are considered to be the rated current and th8 rated" phase voltage of the AC side respectively, the base values of the different parameters are as follows: 
TEIE CALCULATION OF THE SYNCHRONOUS MACHINE CURRENT DERIVATIVES
In the matrix notation,the machine flux-linkages relationships in terms of the machine currents ( equation 10) are: 
The machine voltage vector [VI can be obtained from the following equation:
Equating equations A.13 and A.16, therefore From Fig. 1 , it can be noticed that:
18) where
[Irec]= [il i2 i3 0 0 0It Luke, Yu (Fluor Utah, Inc., San Mateo, Ca.) : The authors have presented a very interesting paper with great sisnificance in the study of a modem power transmission system with AC and DC interlink.
I would appreciate a further elaboration by the authors of their adopted, such as the error analysis, the criteria of choosing the steps, experiences and conclusions in using the numerical method they etc. The authors presented a short transmission line represented by an equivalent resistance in series with an equivalent inductance. For general consideration, the H.V. transmission lines may be of considerable length. In fact, any transmission line can be represented by hyperbolic functions with the distributed parameters included. The author's comment on this would be appreciated.
fiers. The author's description as to the method of simulating thyristors
In practice, a converter station may use thyristors instead of rectiwould be of interest. with all the modes of operation namely; 'the valve short circuits,' comAlso, the operation of a paper. A suitable alternative approach, however, will be to define a transformation matrix for the bridge, whose elements change after each topological change and this transformation matrix can be suitably formed in the computer simulation process demutation angle exceeds n/3 radians.
pending on whether 2, 3 or 4 thyristors conduct, or whether the comThis transformation matrix can be suitably modified to include a multibridge convertor system using star/star and star/delta transformers and various abnormalities like commutation failure, convertor short circuits, etc. by knowing only the thyristors which conduct during this period. Authors hope to present results based on this approach in the near future.
The discussers would also like the authors to comment on how the winding harmonics and saturation of the synchronous generator affect the various harmonics generated in an AC/DC power system. Finally the discussers very much appreciate the interesting work of the authors which is an improvement over Reeve9, HingoraniA, Franklid and others. lation of a combined AC/DC system with the aid of a digital computer.
A similar general simulation was developed over 15 years ago on an Electronic Differential Analyzer (EDA) and results were obtained which are comparable to those presented in this paper. The EDA simulation was developed specifically for the design of a converter system supplied from a large synchronous generator and was used to study complex interactions between the converter and synchronous machine. The simulation which was developed prior to 1960 was used to determine design requirements for the system. The resulting system was subsequently installed and a field test program was conducted. These Manwript received August 11,1975 . 740 field measurements were compared to predictions of system performance originally provided by the EDA simulation and the validity of the modeling technique was thus verified (see Figure 1 ). This work was published formally in 1965 [ 1 ] . What was the reason for ignoring the effect of saturation in the synchronous machine model? The discussers have found it to be neither necessary nor expedient to ignore such an effect when deriving a detailed model for synchronous machines.
Would the authors please comment on the ratio of computation numerical method adopted, we would like to state that the 4th order With regard to the question posed by Dr. Luke Yu concerning the Runge-Kutta method has been used. The truncation error [ 1 ] of this method is proportional to h5, where h is the step size of integration. The step size of integration used is 0.05 ms. The choice of such a step size comes from the fact that, for a solution to be numerically stable, the integration step h should be less than 1/5 of the period of the highest frequency present.
[2] Since harmonic components of the order 6 k l appear in the various electrical quantities of the solution, the step size should, therefore, be chosen as mall as possible to allow the 1.0 appearance of most of the prominent harmonics.
Concerning Dr. Yu's inquiry about the representation of thyristors instead of rectifiers in our digital simulation, we would like to point out 0.9 that the converter station in our program is already represented by thyristors. The rectifiers case is dealt with as a special case with a zero 1 fving delay angle. In the general representation, the mathematical pz0.* model will not change whether thyristors or rectifiers are used. It is only that the start and the end of the twelve modes of operation per cycle will be shifted by the firing delay angle. Referring to Fig. 3 of o.,7 the paper and assuming that valves 1 and 4 are conducting simultaneously (mode 3 of operation), valve 3 will start taking conduction from valve 1 (mode 4 of operation) when the voltage v2 is equal to the voltage vl instantaneously and the firing angle a is zero. If cy > 0, valve 1 will continue to conduct with valve 4 (mode 3 of operation) even when v2 becomes larger than VI. After a time delay of cy/27rf, valve 3 will start taking conduction from valve 1 (mode 4 of operation). With regard to the question of the transmission line modelling, which has been raised by Dr. Yu and Messers P. A. Hedin and R. W. Alford, we agree that H.V. transmission lines may be of considerable length and may need to be represented more accurate by hyperbolic functions with the distributed parameters included. For a short transmission line like the one used in our study (IO miles), it has been found1 2 that the line can be represented accurately enough by an equivalent impedance for all harmonics. 
